INTRODUCTION
Tin has ten stable isotopes, with the isotope mass varying from 112 to 124. This is the largest number of stable isotopes among all elements of the periodic table, rendering Sn a unique element. The heavier isotopes of Sn were synthesized in the universe by the rapid and slow neutron capture processes (r-and s-process), whereas lighter isotopes were produced by a proton capture or photo dissociation reaction (p-process) (e.g., Burbidge et al., 1957) . Based on their cosmochemical interest, nucleosynthetic Sn isotope anomalies in meteorites have been investigated since the 1960s. De Laeter and Jeffery (1965) , however, found no significant isotope anomalies in meteorites. Although Loss et al. (1990) observed small excesses of minor Sn isotopes in acid-etched residues, the discrepancy was attributed to analytical problems. At the same time, the variation in natural Sn isotope compositions in terrestrial samples has been of great interest to geochemists Jeffery, 1965, 1967; Rosman and McNaughton, 1987; McNaughton and Loss, 1990; McNaughton and Rosman, 1991; Clayton et al., 2002; Haustein et al., 2010) . Among these studies, Haustein et al. (2010) reported the largest Sn isotopic variation analysis for cassiterite samples by using MC-ICP-MS, with a view to future applications of Sn isotopes within archaeology. Although Haustein et al. (2010) detected Sn isotopic variations in cassiterites, there is limited data on Sn isotope compositions in natural samples. This partly resulted from the resistance of cassiterite to acid attack, commonly used for chemical decomposition of minerals. Furthermore, the solution containing Sn requires careful handling because Sn is readily oxidized and precipitates in concentrated nitric acid as metastannic acid (Kragten, 1975) . Although Sn is treated with hydrochloric acid, careful handling is required when evaporating the solution because stannic chloride (SnCl 4 ) vaporizes at 114°C (e.g., Lide, 1993 Lide, -1994 , which could cause loss of Sn. Thus far, alkali fusion techniques (Hall, 1980; Sear, 1997) and the reduction of Sn by graphite (Hall, 1980; Clayton et al., 2002) were used for decomposing the minerals. These methods are conducted under an open environment and require a high temperature of about 1200°C, which may cause loss of volatile tin. Haustein et al. (2010) applied potassium cyanide reduction to Sn from cassiterites. Their decomposition technique required a temperature of around 800°C, which is lower than that used in previous methods; however, potassium cyanide is very poisonous and difficult to handle. In contrast, a classical study by Caley (1932) successfully decomposed cassiterites with hydroiodic acid (HI) at a relatively low temperature (100°C).
In this study, we present a technique for decomposing cassiterites with HI and a subsequent chemical separation technique for Sn, using an extraction chromatographic resin. We also quantitatively evaluate possible Sn isotope fractionation during the purification process. The accuracy of Sn isotope analysis using MC-ICP-MS including chemical purification processes is discussed. Finally, we present Sn isotope compositions in cassiterites from Southeast and Eastern Asia, including Japan.
EXPERIMENTAL METHOD

Materials and reagents
High-purity water (18.3 MΩ·cm) from a Milli-Q system (Millipore Corp.) was used. Hydroiodic acid (Kanto Chemical Co., Inc., #18086-30) was used for the decomposition of cassiterite. Ultrapure-grade HNO 3 , HCl, HF, and HClO 4 (Kanto Chemical Co., Inc., #18078-1B, #28163-1B, 18083-1B, and 32059-1B, respectively) were used without purification for sample decomposition and other analytical procedures. PFA vials (volume: 3 mL, Savillex 0023R) were used to decompose cassiterite samples. Cassiterite sample solutions dissolved in HI were stored in high-density polyethylene (HDPE) bottles (NALGENE) because HI corrodes low-density polyethylene bottles (LDPE). Other sample solutions were stored in LDPE bottles (NALGENE). An extraction chromatographic resin (TRU Resin; particle size: 100-150 µm, Eichrom Technologies, Inc., #TRU-B50-A) was used for Sn purification. A polypropylene column (Muromac column M; resin bed size: 1 mL, Muromachi Technos Co., Ltd., Japan) was used for the column chemistry.
Standard solutions
Three commercial Sn solutions were used for isotope and concentration standards. An in-house standard for isotope analysis was prepared from a Sn standard solution dissolved in 1% HNO 3 and 1% HF, provided by SPEX CertiPrep (CLSN2-2Y, Lot#CL5-45SN, hereafter referred to as "SPEX1"). In this study, all Sn isotope data measured by MC-ICP-MS are reported in δ notation against this standard (see below). Another Sn standard solution from SPEX, dissolved in 20% HCl media (PLSN5-2Y, Lot#14-84SN, hereafter referred to as "SPEX2"), was used to evaluate potential isotopic fractionation during the purification process and to confirm the reproducibility of analytical procedures. We also used the standard reference material 3161a (Lot#070330) provided by the National Institute of Standards and Technologies (NIST) to examine the long-term reproducibility of isotope measurement. In addition, a Sb standard solution (Cat#PLSB7-2Y, Lot#13-134SB; SPEX CertiPrep) was used to correct for mass biases in Sn isotope analysis using MC-ICP-MS (Clayton et al., 2002) .
In order to evaluate the recovery yield and purity of Sn through sample decomposition and purification processes, a mixed standard solution containing 50 elements (hereafter referred to as "MIX50") was prepared from six single-element standard solutions (Sn: SPEX2; Cu, Cd: Wako Pure Chemical Industries, Ltd.; Sb, Te, Pb: Kanto Chemical Co., Inc.) and two multi-element standard solutions, XSTC-8 and XSTC-13 (SPEX CertiPrep). XSTC-8 contains 13 elements (B, C, Ge, Mo, Nb, P, Re, S, Si, Ta, Ti, W, Zr) and XSTC-13 contains 31 elements (Ag, Al, As, Ba, Be, Bi, Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, Hg, In, K, Li, Mg, Mn, Na, Ni, Pb, Rb, Se, Sr, Th, Tl, U, V, Zn).
As described above, we used two Sn standard solutions obtained from SPEX: SPEX1 dissolved in HNO 3 and HF, and SPEX2 dissolved in HCl media. It was reported that the presence of HCl in a Sn-containing solution could shift the signal intensities of Sn in ICP-MS analysis (Saeki et al., 1998) , possibly leading to an isotopic shift. Thus, SPEX1 without HCl was used as an inhouse standard in MC-ICP-MS analysis. In contrast, SPEX2 was used to evaluate the performance of column chemistry using TRU resin, in which the sample solution was first introduced into the column as 0.5M HCl. SPEX1, dissolved in HNO 3 and HF, was not used for this purpose because conversion to the chloride form requires evapo- Imai et al. (1972) , 2) Haraguchi and Kikuchi (1952) , 3) Shibata and Ishihara (1974) , 4) Nagahara (1978) , 5) Park and MacDiarmid (1964) , 6) Tanaka et al. (1971) Ikeda et al. (1983) , 9) Council of Underground Resources Development (1956) , 10) Adachi (1997) , 11) Shibata (1939) , 12) Shibata et al. (1962) , 13) Suzuki et al. (1994) , 14) Ishihara and Wu (2001) , 15) Su et al. (2007) , 16) Tang et al. (2007) , 17) Tang et al. (2009) , 18) Chen et al. (1999) , 19) Zhang et al. (2007) , 20) Wang (1983) , 21) Qin et al. (2006) , 22) Chen et al. (1992) , 23) Li (1988) , 24) Xu and Zhu (1988) , 25) Xiong et al. (1994) , 26) Shen et al. (1996) , 27) Shen and Ling (1994) , 28) Mei et al. (2007 ), 29) Ishihara et al. (1980 , 30) Cobbing et al. (1992) , 31) Bignell and Snelling (1977) , 32) Liw and Page (1985 Cassiterite samples were crushed in a stainless steel mortar and powdered in an agate mortar. About 1 mg of powdered sample was weighed in a 3-mL PFA vial, and 0.3 mL of HI was added for sample decomposition (Caley, 1932) . The vial was tightly capped, and put in an A255AC Teflon liner of a Teflon-lined digestion bomb (Parr 4745). About 1 mL of Milli-Q water was added in the Teflon liner to balance the internal pressure of the PFA vial and the Teflon liner. The Teflon-bomb was heated in an oven for 24 h at 100°C. Subsequently, the sample was dried at 80°C and leached with 0.6 mL of HCl. The supernatant solution was collected in an HDPE bottle. The procedure was repeated until the sample was completely dissolved or repeated up to four times. In some cases, white precipitates remained in the vial, which are most likely silicate minerals. Although we attempted to entirely decompose these residues by means of HF, HClO 4 , and HNO 3 , the residues remained. Therefore, they are most likely insoluble silicates, which require Teflon-bomb digestion at a higher temperature (>200°C). In this study, we analyzed Sn isotope compositions in the HI dissolved fractions. Sn blank for this decomposition process was around 1 ng.
Purification of Sn
In Sn isotope analysis using MC-ICP-MS, Cd, In, Te, and Xe are potential isobaric interferences. In addition, any coexisting elements at relatively high concentrations in the analyzing solution would cause matrix-derived isotopic fractionation of Sn, which can result in erroneous data. Ion-exchange chromatography was commonly used to purify Sn from other elements Jeffery, 1965, 1967; De Laeter et al., 1974; McNaughton and Rosman, 1991) . Recently, an extraction chromatographic material, TRU resin (Eichrom Industries Inc.), has become popular for Sn purification because of its simplicity and high recovery yield (Yi et al., 1995; Haustein et al., 2010; Nickel et al., 2011) . In this study, we modified the previous purification methods using TRU resin as follows.
To pre-clean the TRU resin, it was put into a Teflon vial with 2% HNO 3 and was heated at 50°C for 4-5 h. Then, the resin floated and was removed using a pipette. Subsequently, 2% HNO 3 was added to the vial, and this procedure was repeated three times. Finally, the TRU resin was stored in 2% HNO 3 . Then, 1 mL of the TRU resin was charged in a polypropylene column. The detailed procedure to separate Sn is presented in Table 2 . At the end of the separation process, we collected Sn in 16 mL of 0.4 M HNO 3 solution, immediately followed by the addition of 0.285 mL of 0.1 M HF to the Sn fraction in order to prevent Sn precipitation (Yi et al., 1995) . Sn blank for the purification process was around 10 ng. The recovery and isotopic fractionation of Sn during the separation procedure were examined using the mixed standard solution containing 50 elements (MIX50) described above. The prepared test solution contained 1.5 µg/mL of Sn, 7.5 µg/ mL of Cu, 0.75 µg/mL of Pb, and 0.3 µg/mL for the rest of the elements. The composition of the test solution simulates that of bronze solutions, with a view to future applications involving archaeological samples. Yi et al., 1995) 
Tin isotope measurements by MC-ICP-MS
Tin isotopic ratio measurements were carried out using a MC-ICP-MS (IsoProbe, Micromass) equipped with nine Faraday cups, installed at the Earthquake Research Institute, University of Tokyo. The instrument is composed of a standard ICP source and magnetic mass analyzer with an ion transfer system based on an RF-only hexapole cell. Sample solutions were introduced into the ICP through a desolvation system, ARIDUS (CETAC Co.). We monitored seven isotopes (114, 116, 117, 118, 120, 122, and 124) Table 3 . All sample solutions were diluted to Sn = 60 ppb with 2% HNO 3 containing trace amount of HF. For 60 ppb solutions, we obtained total Sn signals of ~14 × 10 -11 A. The hydride formation rate estimated from a signal at mass of 125 and that of 124 Sn was less than 6 × 10 -6 . We also added a standard solution of Sb for mass bias correction (Clayton et al., 2002) such that the Sb concentration was 30 ppb.
Mass fractionation correction during isotope analysis was carried out by combining the external correction method and standard bracketing method. In this study, we applied the exponential law (Russell et al., 1978) using the following equation:
where M i and M k are the masses of the target isotopes and the reference isotope, respectively, and r i and R i represent the fractionation-corrected isotopic ratio and observed isotopic ratio for the element of interest, respectively. The mass bias factor, β, can be estimated from the following equation: analysis number analysis number Longerich et al. (1987) for Pb isotope measurement, and it was extended to other elements. This correction assumes that the mass fractionation factor is equal between the target element and doped element (in our case, Sn and Sb, respectively). Because there is no Sb reference material with certified isotopic composition, we accepted 123 Sb/ 121 Sb = 0.7479 (De Laeter et al., 2003) as being the true isotopic ratio.
We also used the standard-sample bracketing method to correct for the mass discrimination effect during MC-ICP-MS analysis, in which a standard solution was measured before and after sample measurement. In this study, the corrected isotope ratios of a sample are expressed in δ notation as deviations from those of SPEX1, calculated by the following equation:
where r i SPEX1 is the mean isotopic ratio of SPEX1 measured before and after the target sample. Figure 1 shows the elution profile of the Sn separation procedure with TRU resin, using the mixed standard solution (MIX50) as a starting material. TRU is an extraction chromatographic resin in which the extractant system is octylphenyl-N,N-di-isobutyl carbamoylphosphine oxide (CMPO) dissolved in tri-nbutyl phosphate (Horwitz et al., 1993) . The resin has large [‰] δ 124/120 Sn 2SE 2SD partition coefficients for some actinides (e.g., Th, U, Np, Pu) as well as Sn in HCl media, whereas the affinity of Sn to this resin decreases in HNO 3 media. Thus, most of the unwanted elements-including Cd, In, and Te-that can interfere with Sn isotope analysis appear within the first (0.5 M HCl) or second (0.25 M HCl) fraction. Tin is collected by 16 mL of 0.4 M HNO 3 together with Re and Tl, which would not interfere with the Sn isotope analysis. The recovery of Sn was 95.3 ± 1.6%. Minor signals of Cd, In, Sb, and Te were sometimes found in the purified Sn fraction. However, concentrations of the impurity were less than one-thousandth that of Sn, and those impurities caused no influence on observed Sn isotope ratios except for minor Sn isotopes such as 114 Sn. The total blank for Sn was around 10 ng. Because we used 1500 ng of tin for each sample preparation and the difference in isotope compositions between the sample and blank is small, it is not likely that the blank caused isotope shift. Haustein et al. (2010) also used TRU resin for Sn separation, although they employed a slightly different procedure from Yi et al. (1995) and the present study. After conditioning the resin with 5 mL of 1 M HCl, they loaded the sample solution dissolved in 10 mL of 1 M HCl, followed by 10 mL of 1 M HCl and 6 mL of 5 M HNO 3 . Then, they recovered Sn with 4 mL of 1 M HNO 3 . We attempted to reproduce this procedure; however, Sn was completely eluted in the 5 M HNO 3 fraction. The inconsistency may have resulted from a variation in the chemical form of Sn in the loading solution, such as the oxidation state of Sn. Tin in the MIX50 used in this study was prepared from the SPEX2 solution, of which the solvent is HCl media. Because SPEX2 was prepared by dissolving Sn metal in HCl (personal communication from SPEX CertiPrep), it is likely that Sn is present as Sn 2+ in the solution. The other elements in MIX50 were prepared from multiple solutions, some of which were dissolved in diluted HNO 3 . However, they were evaporated to remove HNO 3 before mixing, to prevent the oxidization of Sn. Thus, it is likely that Sn oxidation states in both studies are the same. At present, the reason for the different elution profiles is not clear, and we conclude that it is safe not to use 5 M HNO 3 in the column chemistry before collecting Sn. The results of tests to evaluate Sn isotope shift during separation column separation will be described in the later section, titled "Evaluation of Sn isotope shift in column chemistry."
RESULTS AND DISCUSSION
Performance of Sn purification
Long-term reproducibility of SRM 3161a analysis by MC-ICP-MS
We repeatedly analyzed the Sn standard solution (NIST SRM 3161a) to evaluate the long-term (around two months) reproducibility of isotope measurements using MC-ICP-MS. The Sn concentration in the standard solution was fixed at 60 ppb, and Sb was mixed to be 30 ppb for the external standardization. Previous studies did not report a unique denominator of Sn isotope ratios Jeffery, 1965, 1967; Devillers et al., 1983 ; Rosman et al., 1984; Rosman and McNaughton, 1987; Loss et al., 1990; McNaughton and Loss, 1990; McNaughton and Rosman, 1991; Lee and Halliday, 1995; Gale, 1997; Clayton et al., 2002; Moynier et al., 2009; Osawa et al., 2009; Haustein et al., 2010; Nickel et al., 2011) . Fig. 2 , together with the average of individual ratios over the entire analytical period. The single-day data are the result of a measurement for SRM 3161a in a day, where the uncertainty represents the within-run analytical precision (2SE of 100 data collection with 5% rejection). The uncertainty of the grand mean represents 2SD of the multiple single-day data during this study. As shown in Fig. 2 , the Sn isotopic composition of SRM 3161a is enriched in lighter isotopes compared to the in-house standard solution, SPEX1. The within-run precision for each ratio was better than 0.04‰ (2SE) Moynier et al. (2009) . In both the internal and the external precisions, 114 Sn/ 120 Sn showed the greatest uncertainties, whereas 118 Sn/ 120 Sn was marked by the lowest uncertainties, simply reflecting the counting statistics controlled by isotope abundances.
It is generally accepted that the extent of mass fractionation during ICP-MS analyses is a function of not only the difference of-, but also the average of masses between target and reference isotopes (Clayton et al., 2002) . Then, 124 Sn/ 120 Sn is the pair whose average is equivalent to the two Sb isotopes ( 121 Sb and 123 Sb) used for the external correction. Thus, in the following discussion, we use the 124 Sn/ 120 Sn ratio for our sample data unless otherwise indicated.
Evaluation of Sn isotope shift in column chemistry
In this section, we evaluate the shift in Sn isotopic ratios obtained by MC-ICP-MS analysis for samples purified by passing through TRU resin. There are two potential sources that can shift the observed Sn isotopic compositions: 1) isotopic fractionation during column chemistry due to incomplete Sn recovery; and 2) matrix effect in MC-ICP-MS analysis caused by organic material coexisting in the Sn fraction derived from TRU resin. The latter is rather serious because the presence of organic substances in a sample solution increases the viscosity of the solution and may lead to modification of isotopic ratios in MC-ICP-MS analysis. The isotopic shift in Sn during column chemistry was tested by passing the SPEX2 or MIX50 solution through TRU resin. In both experiments, solutions containing 1500 ng of tin were used. Recoveries of Sn were better than 95%. The results are summarized in Table 4 . δ 124/ 120 Sn SPEX1 of SPEX2, determined as -0.04 ± 0.03‰ (n = 5), was used for calculating isotopic shifts during purification. Five different batches of SPEX2 were separately purified by passing through TRU resin, and showed significant Sn isotopic shifts that were reproducible within analytical uncertainties (δ 124/120 Sn SPEX1 = -0.65 ± 0.09‰; Fig. 3a and Table 4 ). A test using the MIX50 resulted in identical isotopic shift within error (δ 124/120 Sn SPEX1 = -0.67 ± 0.08‰). It should be noted that these results differ from those of Haustein et al. (2010) , who reported no isotopic shift during chemical purification with TRU resin. In this study, we take the overall average of the isotopic shifts listed in Table 4 (-0.66 ± 0.09‰) as the correction factor in MC-ICP-MS analysis for all the samples purified by TRU resin.
The repeatability of isotopic shift through column chemistry was also examined using 1 mg of a cassiterite sample from Naegi district, Japan. After sample digestion, 80% of the cassiterite solution was split into five aliquots and used for separation, while the rest was used to confirm the Sn concentration. All separations were performed within a single day, and >96% of Sn recovery was confirmed for all samples. The Sn isotope analysis by MC-ICP-MS was carried out within a week after the separation. As illustrated in Fig. 3b , we obtained a uniform δ 124/120 Sn SPEX1 of -0.42 ± 0.09‰. The reproducibility of the five measurements is comparable to the results of SPEX2 purification (Fig. 3a) . It is therefore likely that the difference in matrix of loading solutions has no significant effect on the repeatability regarding the extent of apparent Sn isotopic shift during purification.
We also examined whether Sn isotope composition in digested cassiterite solutions dissolved in 30% HCl differed after long-term storage. Three Chinese cassiterite solutions (HY38, YB-17, and Dulong) that were purified after one-month storage were used for this test (Fig. 4) . Replicate analyses gave consistent isotope compositions within the known uncertainties, demonstrating that longterm (at least one month) storage of decomposed cassiterite solutions would not shift the Sn isotopic compositions as measured by MC-ICP-MS.
Effect of organic matter in Sn fraction
To further evaluate the reason for the observed Sn isotopic shift, we evaluated the influence of organic materiTin isotope analysis of cassiterites 31 als in the Sn fraction that were derived from TRU resin. We loaded blank HCl solution to TRU resin, and recovered the Sn fraction as described in Table 1 , to which SPEX1 was added. The Sn isotope compositions in this solution were markedly different from the original SPEX1 (δ 124/120 Sn SPEX1 = -0.37 ± 0.03‰, the error was 2SE.), suggesting that the coexistence of organic matter caused an apparent Sn isotopic shift. Interestingly, the observed shift does not match the correction factor for the isotopic shift obtained by the purification test using SPEX2 and MIX50 (-0.66 ± 0.09‰; Table 4 ). This implies that other factors (e.g., incomplete Sn recovery) also play an important role in shifting the observed Sn isotope ratios.
In general, the amounts of organic substances from chromatographic resins present in the sample fraction can be reduced by heating the sample with oxidative acids such as HClO 4 and HNO 3 . However, the method cannot be applied in Sn analysis because it would oxidize Sn and may cause isotope fractionation by forming insoluble oxides. Consequently, all the samples purified by TRU in this study were analyzed without eliminating organic matter from the Sn fraction. Thus, the correction factor determined above is used to correct for multiple processes related to column chemistry, all of which can cause isotopic shift.
Tin isotope analysis for cassiterite samples
We analyzed 18 cassiterite samples collected from Southeast and East Asian countries (Japan, China, Thailand, and Malaysia; Table 1 ). The Sn contents of most of the samples ranged from 30% to 50%. The results of δ 124/ 120 Sn SPEX1 for the cassiterite samples are listed in Table 5 and shown in Fig. 5 . As discussed in the previous section, all the data reported here are corrected for the isotopic shift occurring during sample purification (i.e., -0.66 ± 0.09‰). We purified cassiterite solutions containing 1500 ng of tin, and confirmed that recovery of tin was better than 95%. The loading amount and recovery of tin were consistent with those observed in tests to evaluate isotope shift during sample purification. In addition, we confirmed that elements absent from the MIX50 solution were only present in the cassiterite samples at trace levels. Thus, we postulate that the observed shift for SPEX2 and MIX50 can also be applied to the correction for cassiterite sample solutions. The uncertainty in the correction factor propagated into the uncertainty in individual isotope ratios.
Significant Sn isotopic variations are observed in cassiterite samples from Japan and China, whereas samples from Thailand and Malaysia have a homogeneous Sn isotopic composition. As shown in Fig. 5a , two cassiterites of M22561 (Takatori mine, Ibaraki) and M22545 (Naegi district, Gifu) are enriched in heavier isotopes, while one from M. Kano (Kano mine, Miyazaki) is enriched in lighter isotopes. Other Japanese samples have isotopic compositions between the two groups. The results for Chinese cassiterites are shown in Fig. 5b . Four samples from Xinjiang (HY38, GL1, KM3, and KM08-1) show relatively large isotopic variation that exceeds the analytical errors. The differences between the maximum and minimum δ 124/120 Sn SPEX1 values in Japanese and Chinese cassiterites are 0.44‰ and 0.77‰, respectively. All the data are plotted on the theoretical mass fractionation line (Fig. 6 shows examples of δ X/120 Sn SPEX1 vs. mass difference for cassiterite samples in Japan), and mass-independent fractionation was not observed. Moynier et al. (2009) observed mass-independent fractionation in liquid-liquid extraction with dicyclohexano-18-crown-6. Malinovskiy et al. (2009) also observed mass-independent fractionation in synthesis and decomposition of methyltin under UV irradiation. In both reports, odd isotopes showed mass-independent behaviors, while even isotopes showed mass-dependent behaviors. We did not observe mass-independent fractionation in 117 Sn in cassiterites in this study. Tin isotopic variations for cassiterite have been investigated over the past 50 years Jeffery, 1965, 1967; McNaughton and Loss, 1990; McNaughton and Rosman, 1991; Haustein et al., 2010) . The results of early studies Jeffery, 1965, 1967) had poor analytical uncertainties of approximately 0.1% per atomic unit, which were too large to discuss possible isotopic fractionation in nature. McNaughton and Rosman (1991) analyzed Sn isotope compositions of five cassiterite samples by TIMS with the use of a double spike. They found no significant isotopic fractionations among cassiterite samples, except one sample that showed a fractionation of 0.15‰ (per atomic unit) to their laboratory standard. The authors left the cause of the isotopic fractionation unsolved. It is possible that the reason they could not find natural variations for most of their samples was because the analytical error of some samples reached 0.3‰ per atomic unit, which is ten times worse than that of recent MC-ICP-MS studies.
More recently, Haustein et al. (2010) reported a variation as large as 0.55‰ per unit mass difference in Sn isotopic compositions, which corresponds to 2.2‰ difference in δ 124/120 Sn, for cassiterite samples from Cornwall and Erzgebirge regions, Europe. Because there is no international isotope standard material for Sn, we cannot compare our results directly with previous studies. This variation, however, is approximately three times greater than our results for cassiterites from China. Although further work is needed, it can be suggested at this point that the extent of Sn isotope variation in cassiterites from the Southeast and East Asian regions is smaller than in European samples. Haustein et al. (2010) also observed significant isotopic variations in samples from a single ore deposit, and suggested the existence of variable formation conditions (e.g., temperature, pressure, etc.) in individual deposits. In this study, two samples from the Kamst deposit in China (KM3 and KM08-1) showed identical isotope compositions within the uncertainties. Two samples from the Kosaba mine in Thailand (77120503-2 and 77120503-3) also showed consistent isotope compositions. Although the results are based on a small number of samples, the findings do not support the existence of multiple physicochemical conditions within a single ore deposit that may result in detectable Sn isotopic fractionation.
McNaughton and Rosman (1991) proposed three possible mechanisms for Sn isotopic fractionation: 1) equilibrium fractionation between Sn oxide and sulfide minerals; 2) kinetic fractionation, which could take place during dissolution of Sn in a source region and precipitation of Sn in an ore deposit; and 3) multistage enrichment process of Sn from crustal material to ore, in which each step introduces kinetic fractionation. It is difficult to conclude the cause of isotopic fractionation observed in cassiterite samples analyzed in this study; however, we can suggest the following points. Among the deposits from which the analyzed cassiterites were sampled, Ikuno, Kaneuchi, Ohtani, and Kiwada mines were reported to contain stannite, a tin sulfide. Stannite was also confirmed under microscope observation of thin sections from Takatori mine. There is no description for stannite in Kano and Naegi mines (Takimoto, 1944) . Although it has not been investigated whether cassiterites precipitated in equi-librium with the observed tin sulfide minerals, we suggest that the presence of tin sulfide minerals does not play an important role for Sn isotope fractionation in Japanese cassiterites. As shown in Fig. 5c , cassiterite samples from Southern Thailand and Malaysia have a homogeneous Sn isotopic composition. Cassiterites from Yod Nam mine form veins with quartz, suggesting a high-temperature origin, whereas cassiterite veins in Kosaba mine coexist with low-temperature minerals (Ishihara et al., 1980) . Therefore, the observed homogeneous isotope compositions in Southern Thailand and Malaysian cassiterites suggest that the temperature during ore formation was not the main cause of Sn isotope variation. This would exclude the second hypothesis, above. As for the third hypothesis, we have only limited Sn abundance and isotope data for possible source rocks of cassiterite deposits on which to base quantitative discussion of Sn isotope fractionation during the interaction between ore deposits and surrounding crust. Table 1 summarizes geochronological information on Sn mineralization and host rock formation. It is unlikely that the Sn isotope compositions of the cassiterites correlate with the ages of their host rocks. Further studies are required to reveal the cause of Sn isotope fractionation in cassiterites.
CONCLUSIONS
We have developed a new analytical technique for precise Sn isotope measurement in cassiterites using MC-ICP-MS, which includes a sample decomposition method employing hydroiodic acid and a subsequent Sn purification procedure using an extraction chromatographic resin, TRU. We found that Sn purification using TRU resin caused an apparent Sn isotopic shift, most likely because of the inclusion of organic material in the Sn fraction, but that other factors (e.g., incomplete Sn recovery) also played a role in the shift. Repeated analyses of Sn solutions confirmed consistent apparent Sn isotopic shift during purification. This enables the correction of Sn isotope measurement in MC-ICP-MS for samples purified by passing through TRU resin. We carried out a series of Sn isotope analyses by MC-ICP-MS for 18 cassiterite samples from Japan, China, Thailand, and Malaysia. Significant isotopic variations were detected in cassiterite samples from Japan and China, although the variation was smaller than those observed in cassiterites from Europe (Haustein et al., 2010) . The mechanism of isotopic fractionation is still unclear.
